Modulation of lacrimal acinar cell tear secretion may involve multiple factors acting both in subtle and pronounced ways. Functional screens of recombinant protein products arising from gene array technologies, or protein fractions derived from lacrimal conditioned media or extracellular matrix, will require a highly sensitive assay capable of monitoring tear protein secretion by small replicate cultures. To improve signi®cantly on current methods, a rat-and mouse-speci®c sandwich ELISA was developed. For this purpose, chickens and rabbits were immunized with serum-free secretion media from carbachol and VIP-stimulated rat lacrimal acinar cell cultures. Immune sera were characterized by ELISA, Western blotting and immunohistochemistry, and subsequently optimized for use in a sandwich ELISA. Both antisera detected a wide range of different rat tear proteins, and immunostained only the secretory granule-rich juxtalumenal region in sections of rat lacrimal gland. Chicken, but not rabbit, antiserum cross-reacted with rabbit and human tears. In sandwich ELISA, capture with puri®ed chicken immunoglobulin fraction and detection with rabbit antiserum detected as little as 1 ng ml À1 tear protein in 10 000-fold diluted rat secretion mediumÐa level of sensitivity 8000 times greater than the rat tear peroxidase assay. Such speci®city and sensitivity greatly reduces the quantity of media needed for assay, and makes feasible functional screens for scarce factors that may in¯uence lacrimal secretory processes, and in turn possibly play a role in human lacrimal insuf®ciency syndromes. #
Introduction
Lacrimal acinar cells rest basally on a basement membrane and have a secretory granule-®lled apical cytoplasm adjacent to a lumen into which tear proteins are released. Lacrimal gland secretions bathe the corneal surface in a nurturing and protective¯uid rich in bacteriocidal proteins (Holly, 1987) and growth factors. When lacrimal acinar cell output is collectively de®cient, corneal abnormalities and discomfort can result, a condition known as keratoconjunctivitis sicca. Among lacrimal de®ciency syndromes autoimmune Sjo Ègren's syndrome is common in which patients display increased intra-lacrimal foci of B and T lymphocytes and reduced aqueous tear output (Nelson, 1994) .
Systematic screening of fractionated conditioned media from acinar cells or lacrimal ®broblasts, or of lacrimal basement membrane, or alternatively of recombinant products from lacrimal expression arrays can take advantage of several different lacrimal gland culture systems. Possible is short-term culture of glandular fragments (Herzog, Sies and Miller, 1976) , acini (Dartt et al., 1984; Meneray et al., 1994) or individual cells (Herzog et al., 1976; Parod and Putney, 1980; Hann et al., 1989; Rismondo et al., 1994) to which test fractions may be added. Neuropeptide-stimulated (`regulated'; Dartt, 1989) and unstimulated (`constitutive') secretion can thereby be assessed. Limiting, however, is the sensitivity of currently available assays for which moderately high cell numbers are generally required. Common is colorimetric measurement of total secretory protein (Meneray et al., 1994) , labeling with protein precursor 3 H-leucine (Robin, Rossignol and Raymond, 1996) , or enzymatic analysis of secretory peroxidase (rats; Zoukhri et al., 1997) or hexosaminidase (rabbit; da Costa et al., 1998) , for which the lower limit of sensitivity ranges from approximately 0 . 096 mg ml
À1
(or 3 mU of 622 U mg À1 protein) for peroxidase or 0 . 5 mg ml À1 (personal communication with Dr Peter Gierow; University of Kalmar, Sweden) for hexosaminidase, to 2 mg ml À1 of tear protein in colorimetric assays. Potentially more sensitive is sandwich ELISA or RIA. This approach has been successfully applied to the selective measurement in human tears of IgG, IgA and IgM (Rafferty and Montgomery, 1993) , and lactoferrin, lysozyme and secretory component bound IgA (Hunt et al., 1996) ; and of IgA in mouse tear secretion (Sullivan and Edwards, 1997) . Lactoferrin and lysosyme are synthesized by lacrimal acinar cells (and other cells), but IgG, IgA and IgM originate from serum exudate or lacrimal gland plasma cells. A highly sensitive sandwich ELISA is preferable with broad speci®city only for proteins synthesized by lacrimal acinar cells. Here we describe the ®rst development of such an assay. Sensitivity is 8000-fold greater than the moderately sensitive tear peroxidase assay, an advance that makes fractional screening for scarce secretion modulating factor(s) widely feasible.
Materials and Methods

Preparation of Substrate
BMS, a 10 mM EDTA extract of EHS tumor basement membrane, was prepared and characterized as previously described (Matter and Laurie, 1994) . BMS was coated on wells of 96 well plates at 0 . 044 mg cm
À2
.
Isolation of Lacrimal Acinar Cells
Lacrimal acinar cells were isolated from male Sprague±Dawley rats aged 4±6 weeks, essentially as previously described by Hann, Tatro and Sullivan (1989) with some modi®cations. Brie¯y, a DMEM vasculature wash was followed by removal of exorbital lacrimal glands. Glands were minced and incubated in alternating solutions of EDTA and enzyme. Released acinar cells were passed through 100 and 25 mm Nitex ®lters, centrifuged on a discontinuous 10, 30 and 60 % Percoll gradient, collected from the 30±60 % interface, washed, and plated at 1 . 9 Â 10 5 cells cm À2 on BMS-coated plates in serum-containing DMEM supplemented as detailed previously (Laurie et al., 1996) . Isolation of mouse (6 week old C57BI6) lacrimal cells was similar to that used for rats, with the omission of Percoll and Nitex steps.
Preparation of Immunogen
Secretion media for antibody production were generated from freshly isolated rat (six 4±6 week old male Sprague±Dawley) lacrimal gland fragments contained in a¯ask with serum-free DMEM using carbachol (10 À4 M) and VIP (10 À8 M) as agonists. After 100 min of stimulation, media were removed, centrifuged (17 200 g) to pellet any cellular debris, and then concentrated and washed with 10 volumes of PBS via Centricon 10 (Amicon, Beverly, MA, U.S.A.) ®ltration. In parallel experiments, secretory granules were isolated from rat lacrimal acinar cells using a rapid version of the Cameron and Castle (1984) method involving a 0 . 3 M sucrose spin (600 g) to remove nuclei and debris, followed by repeated centrifugation of the supernatant in 57 % Percoll. Quality of the preparation was veri®ed by electron microscopy after ®xation (2 % formaldehyde/2 % glutaraldehyde), plastic embedding, and thin sectioning. Final protein concentration, as determined by the BCA (Pierce, Rockford, IL, U.S.A.) method was 4 . 5 and 3 . 1 mg ml À1 for the secretion medium and granule preparations, respectively. Each was compared by SDS±PAGE (10 % gels) and silver staining.
Preparation of Immune Serum
Collection of preimmune sera and subsequent immunization of two rabbits and two chickens with secretion media were performed by Covance Research Products (Denver, PA, U.S.A.). Chickens were immunized by intramuscular injection of immunogen (400 mg) in Freund's complete adjuvant. Five alternate subcutaneous and intramuscular booster doses (®rst three with 200 mg and last two with 100 mg of immunogen in Freund's incomplete adjuvant) were given every 21 days. For rabbits, intramuscular immunization was with 250 mg immunogen in Freund's complete adjuvant. All ®ve booster doses were given subcutaneously with 125 mg immunogen in Freund's incomplete adjuvant at an interval of 21 days. Test bleeds were collected 10 days after each booster dose.
ELISA, Western Blotting and Immunohistochemistry
Anti-secretion medium antisera were ®rst tested by standard ELISA (Engvall and Perlman, 1971 ) using secretion medium (4 mg ml À1 ) as coat (overnight, 48C), and 0 . 1 % Tween-20 as block (1 hr, 378C). Following incubation with preimmune sera or primary immune antisera (diluted in PBS containing 1 % BSA, 0 . 1 % Tween-20) for 1 hr at room temperature or overnight at 48C, bound antisera were detected with peroxidase-labeled anti-chicken or anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA, U.S.A.)/ABTS±H 2 O 2 . Chicken anti-secretion medium antiserum was subsequently puri®ed partially by selective caprylic acid (4 or 7 %; Steinbuch and Audran, 1969) precipitation, dialysed against PBS and quantitated by BCA. Purity was assessed by SDS± PAGE, and was not improved by a second precipitation with 50 % of saturated ammonium sulfate. To work out the sandwich assay, varying amounts of capture chicken puri®ed immunoglobulin fraction (1±15 mg ml À1 coating solution) and soluble immunogen (1±10 ng ml À1 ) were detected with a dilution of rabbit anti-secretion medium antiserum (1/10 000) considered to be optimal from standard ELISAs. Trials with protein G coated wells suffered from high background or failure to bind antiserum (chicken). Once established, media (100 ml or 1/10 000 diluted) from unstimulated or stimulated rat lacrimal acinar cell cultures at different times and cellular densities were tested in parallel with known amounts of antigen, the latter providing a standard curve. Subsequent normalization to nanogram cellular DNA was made possible by DNA¯uorometric analysis of the cellular pellet (Laurie et al., 1996) . Also tested were human re¯ex tears, as well as secretion media from mouse lacrimal gland fragments, and mouse and rabbit acinar cell cultures (the latter kindly provided by Dr Peter Gierow; University of Kalmar, Sweden). For immunohistochemistry, rat (4±6 week old male Sprague±Dawley) lacrimal glands were ®xed with 4 % formaldehyde (pH 6 . 8), washed in PBS, embedded in paraf®n and sectioned (1 mm sections for improved resolution) using an ultramicrotome (Laurie et al., 1989) . Following deparaf®nization, tissue antigens were unmasked with TUF (Signet Laboratories, Dedham, MA, U.S.A.), and blocked with 1 % BSA in PBS. Sections were then incubated with puri®ed chicken immunoglobulin fraction or rabbit antiserum (1/1000) or preimmune serum (1/100) overnight at 48C. After thorough washing, endogenous peroxidase was minimized with Peroxidase Suppressor (Pierce, Rockford, IL, U.S.A.) and bound antibody detected with peroxidase-labeled anti-chicken or -rabbit IgG (1/1000) and DAB/Metal Concentrate±H 2 O 2 (Pierce). For Western blotting, rat secretion medium and secretory granules were separated by SDS±PAGE on 10 % gels and transferred to nitrocellulose membranes for immunodetection. Blots were blocked with 5 % milk and 0 . 1 % Tween-20 in PBS, incubated with puri®ed chicken immunoglobulin fraction or rabbit antiserum (1/10 000) or preimmune serum (1/100) followed by detection with peroxidase-labeled anti-chicken or anti-rabbit IgG (1/20 000) via chemiluminescence.
Peroxidase Secretion Assay
Exocytosis of rat tear protein peroxidase from secretory vehicles and granules of lacrimal acinar cell cultures was monitored using a 96 well enzyme kinetic assay (Laurie et al., 1996) adapted from the Herzog et al. (1976) method. Values from undiluted media were normalized to microgram cellular DNA.
Results
To develop a sensitive assay capable of monitoring tear protein secretion by small replicate cultures, antibodies were raised against rat tear proteins in chicken and rabbit (Fig. 1) . The antisera detected a wide range of tear proteins in puri®ed lacrimal acinar cell secretory granule extracts [ Fig. 1(A) , lanes 5, 9] and in the secretion media of serum-free acinar cell cultures [ Fig. 1(A), lanes 6, 10] , the latter of which served as immunogen [ Fig. 1(A) , lane 2; silver stained sample]. Quality of the secretory granule preparation is illustrated in Fig. 1(B) . Speci®city for lacrimal acinar cell secretory granules and not for other lacrimal gland cell types or organelles was examined by application of both rabbit antiserum and puri®ed chicken immunoglobulin fraction to histological sections (Fig. 2) . Strong and restricted immunostaining was observed in the juxtalumenal compartment where secretory granules are concentrated [ Fig. 2(B) and (C)]. Preimmune sera lacked reactivity [ Fig. 1(A) , lanes 3, 4, 7, 8; Fig. 2(A) ].
Such speci®city and apparently strong avidity for antigen were appropriate for creation of a sandwich ELISA, a highly sensitive approach requiring antibodies from two differing species that share the same immunogen. The puri®ed chicken immunoglobulin fraction's slightly broader tear protein reactivity [ Fig. 1(A) , compare lanes 5 and 6 to 9 and 10, respectively] was used as rationale for its selection as capture antibody. Coating concentration of puri®ed (Fig. 3) chicken immunoglobulin fraction was optimized for capture (Table I) , and a standard curve established (Fig. 4) using known amounts of immunogen and an optimized dilution of detector rabbit antiserum. Arranged in this manner, the assay could detect tear protein levels as low as 1 ng ml À1 in 10 000-fold diluted secretion media (Fig. 4) .
We next compared it to the tear peroxidase assay, a moderately sensitive method applicable to the study of tear protein secretion by rats but not other mammals. Secretion media were collected from unstimulated or carbachol and VIP stimulated rat lacrimal acinar cells that had been plated overnight at increasing cellular density. Whereas both assays were equally useful through the full range of plating densities (Fig. 5) , detection by the sandwich ELISA required 5000-fold less media volume (Table II) . Time course experiments were consistent with this observation (Fig. 6) . Such elevated sensitivity makes feasible small replicate cultures for screening. Cross-reactivity with tear proteins from humans and other species was tested (Table III) . Only the puri®ed chicken immunoglobulin fraction detected human and rabbit tear proteins. Both rabbit immune serum and puri®ed chicken immunoglobulin fraction detected mouse tear proteins from cultured lacrimal gland fragments, but not from mouse acinar cell cultures, the latter result possibly due to an extracellular protease whose inhibitor derives from non-acinar cells. Indeed, À708C stored tear proteins from mouse fragment cultures remained very reactive (not shown).
Discussion
A highly sensitive assay capable of monitoring rat tear protein secretion by small replicate cultures was developed. Now feasible are studies that seek to identify and purify low abundant factors that alone or together may have subtle but important effects on lacrimal physiology including: (i) unidenti®ed secretion enhancing factor(s) detectable in the serum-free conditioned media of rat lacrimal acinar cells (Chen et al., 1998) , (ii) factors elaborated by subjacent lacrimal mesenchymal cells, and (iii) elements of the complex but uncharacterized periacinar cell extracellular matrix gained may be an accelerated molecular understanding of hyposecretion in lacrimal de®ciency syndromes.
Antibody speci®city was key to the success of this assay. Each detected a broad array of tear proteins, as indicated by Western blots of secretion media or secretion granule content. Only acinar cell secretory granules were immunostained in lacrimal gland histological sections, and preimmune sera were completely unreactiveÐeven when diluted ten-fold less (Figs 1 and 2 ) than the optimal immune concentration. Unlike ELISAs that detect a single 0 . 000 N.T Standard ELISA using 4 mg ml À1 coating solutions of rat, mouse or rabbit secretion media from lacrimal acinar cultures. * Reactivity with coated media from lacrimal fragment cultures. Non-re¯ex human tears at the same concentration were also coated. Tear proteins bound were detected using puri®ed chicken immunoglobulin fraction or rabbit antiserum (designated as chicken Ab and rabbit Ab).
N.T., not tested. tear protein, broad tear speci®city may be considered more representative of the acinar cell secretory process and makes possible, through Western analysis, evaluation of stimulus-dependent variation in individual tear proteins that previously may have been overlooked. Most importantly, sensitivity was high (1 ng ml À1 in 1/10 000 diluted sample), and signi®cantly greater than other common tear assays including the colorimetric protein method (2 mg ml À1 ), or enzymatic analysis of secretory peroxidase or hexosaminidase (approximately 0 . 096 and 0 . 5 mg ml À1 , respectively). Multiple factors likely in¯uence stimulated and unstimulated tear protein secretion. Careful dissection with a more sensitive assay that requires less test sample should facilitate analysis of scarce lacrimalderived products, rather than molecules from other sources whose physiological relevance may not be immediately apparent. More attention can also be paid to lacrimal gland growth factors and cytokines whose contribution to tear ®lm potency (Wilson, Lloyd and Kennedy, 1991; van Setten et al., 1996b; Yoshino et al., 1996; Marechal et al., 1999; Wilson, Liang and Kim, 1999) has overshadowed possible roles in local tear secretion physiology Lambert, 1998; Chen et al., 1998) .
The inability of rabbit antiserum to recognize human tear proteins suggests a remarkable level of species speci®cityÐespecially when consideration is given to the wide variety of epitopes represented for which sequence conservation would be expected. Species differences (Varnell et al., 1998) in relative tear protein levels appear to be minor and only a few tear proteins remain to be identi®ed. Alternatively, there may be post-translational modi®cation of epitopes that (alone or together with sequence changes) could alter antibody recognition. In contradistinction, reactivity of puri®ed chicken immunoglobulin fraction with human and rabbit tear proteins was relatively robust, in agreement with the superior property of chicken antibodies to recognize epitopes in mammalian proteins. Also intriguing was a differential antibody reactivity for two different mouse secretions. Those from mouse lacrimal gland fragments were reactive (Table III) , as were tear proteins contained in secretory granules of rat acinar cell cultures. Yet, tear proteins from mouse acinar cell cultures were not, a result in keeping with the presence of an extracellular protease(s)Ðamong which several have been identi®ed (Dotsenko et al., 1990; van Setten et al., 1996a) . Fragment cultures, in contrast, likely bene®t from an inhibitor(s) (van Setten et al., 1996b) of non-acinar cell originÐ possibly mesenchyme, or from mesenchyme-induced acinar cells. Apparently differing are rat lacrimal acinar cultures in which extracellular tear protein proteolysis appears to be lacking. Such differences are worthy of close examination, and may present a mechanism by which latent tear TGFb is activated.
In summary, a new assay to measure rat tear protein secretion is described. Its 8000-fold improvement in sensitivity offers new opportunities in the study of extracellular factors that modulate tear secretion, factors that may be de®cient in lacrimal hyposecretion.
